Ammonium was shown to be a limiting nutrient for iron oxidation in cultures of Thiobacillus ferrooxidans. In addition, one strain was also able to assimilate nitrate, but not nitrite, for growth and coupled iron oxidation. Some amino acids (0.5 mM) were tested as a source of nitrogen; none clearly stimulated bacterial activity and inhibition was commonly encountered. Complex nitrogenous compounds were inhibitory at high concentrations (0.1 to 0.5%, wt/vol) and, at low concentrations, some clearly stimulated the bacterial iron oxidation in ammonium-limited cultures. Enhancement of iron oxidation by these compounds was also observed in ammonium-unlimited cultures, suggesting their possible role in providing trace nutrients and possibly carbon for the bacteria.
Iron-oxidizing thiobacilli (Thiobacillus ferrooxidans) are an important group of bacteria in ore leaching operations, where they solubilize sulfide minerals and produce copious amounts of sulfuric acid, releasing metal ions into leach solutions (2, 21). The bacterial dissolution of pyritic material produces acidic ferric sulfate, which may cause serious acid mine drainage pollution problems. Acidic ferric sulfate is an efficient chemical leaching agent for many sulfide and uranium-bearing ores and is reduced to ferrous-iron by its reaction with ore material. The presence of iron-oxidizing bacteria ensures that ferrous-iron is oxidized back to Fe3" to maintain a more or less constant supply of chemical oxidants for ore leaching. Some nutrient requirements of the iron-oxidizing thiobacilli have been studied with respect to enhancing bacterial activities during leaching (22, 28) . Inorganic nutrients required by the bacteria include nitrogen (as ammonium), phosphorus (phosphate), sulfur (sulfate), and trace metals. Considering the chemical nature of the nutrients, many of them are present in the rock material and are gradually leached, becoming thus available for the bacteria. It has been suggested that nitrogen (ammonium) deficiency may limit the bacterial activities in leach operations (6, 23, 25) . Nitrogen is also a microconstituent in igneous rocks and sedimentary deposits and its availability, as also the other nutrients, is related to the geochemical composition and degree of weathering.
Recent studies show that some strains of T.
ferrooxidans are able to reduce dinitrogen gas and incorporate it into cell material (14) . The ecological significance of these observations is not fully understood yet because the ability to fix dinitrogen gas is not a common feature to all iron-oxidizing thiobacilli. Some acid mine drainage effluents have been reported to contain low levels of ammonium and nitrate (15) . Although the organic nitrogen content is usually low and most of it is already fixed in proteins of acidtolerant organisms living in such environments, there are potential sources of inorganic nitrogen which may be important in meeting the nutrient requirements of the bacteria in acid mine waters, for example, nitrate from explosive residues (explosion charges are usually high to attain a small particle size for leaching without further crushing), and ammonium as a residual ion from uranium strip solution (uranium is recovered from solvent extraction with ammonia to produce ammonium diuranate, i.e., yellow cake).
In view of the previous suggestions regarding nitrogen deficiency in mine waters and leach solutions, the present work was carried out to appraise the suitability of various organic and inorganic nitrogen compounds for iron-oxidizing thiobacilli. An attempt was also made to quantitatively relate the nitrogen requirement to the bacterial ferrous-iron oxidation process.
MATERIALS AND METHODS
Two cultures of T. ferrooxidans were tested quantitatively for their nitrogen requirement: strain 1 (27) and strain 2 (19, 20) . They were routinely maintained in 100-ml cultures in 250-ml flasks on a shaker at 70 strokes per min at 25°C. The liquid medium containing 120 mM FeSO4 has been described previously (27) . Inocula (1%, vol/vol) were taken from actively growing cultures which had oxidized 70 to 90% of the ferrous-iron (late logarithmic growth stage). Growth was monitored in duplicate flasks by following the oxidation of ferrous-iron (28) at pH 1.5 (strain 1) and pH 2.1 (strain 2). At the lower pH, ferric-iron remained soluble throughout the growth cycle (final pH, 1.8). In cultures at pH 2.1, some ferric-iron was deposited as jarosite (7, 11, 26) toward the end of the growth cycle (final pH, 2.3). Under the culture conditions employed, ferrous-iron (i.e., the substrate) remained soluble irrespective of the deposition of ferric-iron (26) . The deposition did not interfere with the titrimetric determination of Fe2" (28) , because 2-ml samples were mixed with 5 ml of 7 N H2S04 to dissolve the precipitate and terminate the bacterial activity before diluting with distilled water (90 ml) for titration. Reagent-grade chemicals were used throughout the study. The complex nitrogenous substances were obtained from Difco Laboratories. The stock solutions were prepared in glass-distilled water and sterilized by filtration or autoclaving.
RESULTS
Inorganic nitrogen compounds. Bacterial iron oxidation continued at a declining rate after several transfers in a "nitrogen-free" medium (ammonium sulfate deleted) in spite of the gradual dilution of the carry-over nitrogen in the culture. The continued iron oxidation may have resulted from (i) trace amounts of nitrogen in the distilled water and chemicals used for the medium; or (ii) the ammonia absorbed by the acidic medium from the atmosphere. No specific attempt was made to exclude either source of trace amounts of nitrogen. Furthermore, the possibility is not excluded that the bacteria were able to fix dinitrogen gas, allowing growth and coupled iron oxidation to take place at a slow rate. The addition of trace metals (16) did not, however, enhance the iron oxidation in the "nitrogen-free" medium. This indicates that, even accounting for the possible N2-fixation activity, there was no apparent trace metal deficiency in the cultures.
Ammonium [supplied as (NH4)2SO4] clearly stimulated iron oxidation by T. ferrooxidans strain 1 (Fig. 1) . The rate of the bacterial iron oxidation was limited by ammonium ions below 0.2 mM concentrations. Nitrate (KNO3) and nitrite (NaNO2) at 0.1 to 0.5 mM did not enhance iron oxidation, indicating that the bacteria were not able to utilize these ions for growth. Both N03-and N02-were in fact slightly toxic at these concentrations.
Ammonium below 0.1 mM was also shown to limit the rate of iron oxidation by T. ferrooxidans strain 2 ( Fig. 2A) . Because of the higher pH of the cultures (pH 2.1), some ammonium may have been insolubilized by its precipitation as jarosite (7, 11, 26) . This strain was also able to utilize nitrate for assimilation to support growth and coupled iron oxidation (Fig. 2B) . Iron oxidation without added nitrogen continued at a faster rate than was observed for strain 1, but was consistently and repeatedly enhanced in the presence of nitrate. The ability to assimilate nitrate was also evident by the iron oxidation rates after subculture in the presence of 0.5 mM nitrate (Fig. 3) . Nitrite (05 mM) did not stimulate the bacterial iron oxidation. Dissimilatory nitrate reduction. Both strains were tested in the presence and absence of ammonium and varying the pH, trace metals, and the concentration of N03-and Fe2+, but no activity was detected under anaerobic conditions with nitrate as a terminal electron acceptor for ferrous-iron oxidation.
Organic nitrogen compounds (strain 1).
Some amino acids were screened for enhancing the bacterial iron oxidation rates (Table 1) . None of the amino acids tested at 0.5 mM concentration clearly increased the bacterial activity. Particularly threonine, methionine, and serine were inhibitory to the bacteria in the presence and absence of NH4+ (33 to 88% inhibition). Impaired amino acid metabolism resulting from an imbalanced supply of amino acids and constraining other bacterial activities has been discussed previously (12, 17) .
Complex organic substances were also tested in the ammonium-limited cultures. All the compounds inhibited iron oxidation at 0.1 or 0.5% (wt/vol) concentration (Table 1) , whereas the bacterial activity was consistently enhanced at lower concentrations. Parallel experiments using a medium supplied with NH4' also showed a similar concentration-dependent pattern of inhibition and stimulation ( 
DISCUSSION
The iron-oxidizing thiobacilli preferred ammonium as the source of nitrogen, and one culture was able to assimilate nitrate, but the iron oxidation rates in the presence of nitrate were slower than with ammonium. The different oxidation rates may reflect the greater energy expenditure during growth coupled with nitrate assimilation. Any additional energy requirement, such as that required for the reduction of N03-to NH4' before its incorporation into amino acids, is likely to be at the expense of the energy and reducing power for carbon dioxide fixation which demands a major input of the cellular energy carriers.
The iron oxidation without added nitrogen continued at a more or less linear rate, which indicates an uncoupling effect similar to that observed under C02-deficient conditions (13) . Repeated subcultures in the "nitrogen-free" medium also suggested that the bacteria were able to scavenge trace amounts of nitrogen and may possess high-affinity NH4+-assimilation system(s) as described for some heterotrophic microorganisms (9) . Were the bacteria able to fix dinitrogen gas, growth and coupled iron oxidation would again be slowed down because of the great energy demand for the reduction of N2 to NH4+ constraining the assimilatory reduction of carbon dioxide.
The inhibition of the bacteria by organic nitrogenous compounds is a well-known phenomenon. Low levels stimulated iron oxidation, consistent with previous studies (5), irrespective of the presence of NH4'. Yeast extract has been shown to increase the biomass of T. ferrooxidans (5) and is a good source of reduced sulfur for some thiobacilli (18) . Yeast extract is also an important requirement for thermophilic iron-oxidizers (1, 3-5), but its specificity has not been determined. In addition to being able to utilize organic compounds for growth, some iron oxidizers, owing to their thermophilic nature, may have trace element and vitamin requirements which cannot be met by supplying inorganic nutrients. Peptone has also previously been shown to enhance bacterial iron oxidation (29) .
It has been previously suggested that acid mine waters may be deficient in NH4' to fully support the bacterial iron oxidation activity in dump leaching operations (6, 24) . The possible role of NH4' as a limiting nutrient was the basis for suggesting a mutualistic interaction between iron-oxidizing thiobacilli and N2-fixing acid-tolerant heterotrophs (23) (24) (25) . Subsequent work has not confirmed the mutualistic effects (H. M. Tsuchiya, unpublished data), and there is currently no evidence to substantiate the original observations. The chemical composition of mine ited, represent per-leaching operations, although the extent of colmedia were taken onization of the bacteria on rock particles is not zed) grown without known. The enhancement of the bacterial leach-I on the amount of ing of ores in the presence of relatively high and were obtained ammonium levels may be due to ionic interacno additions) which tions, such as metal complexation, which remain in the N-free and to be elucidated in further studies.
of growth, respecwaters indicates the presence of ammonium and nitrate in mine drainage waters (15 
